Calcium has been implicated as an important factor in prostaglandin production. Phospholipase A2, the enzyme believed to be rate limiting for prostaglandin synthesis, is stimulated by Ca2+; however, the levels of Ca2' necessary to stimulate phospholipase A2 in cell-free systems are higher than levels achieved in intact cells in 
Introduction
The mechanisms ofregulation ofprostaglandin production are incompletely understood. Calcium has been implicated as a primary factor in the regulation of prostaglandin synthesis since it stimulates many purified acylhydrolases including phospholipase A2, the enzyme generally believed to be rate limiting for prostaglandin production. The Ca2" sensitivity of phospholipase A2 activity, however, may not be sufficient to explain this enzyme's activation in the intact cell exposed to stimuli such as vasopressin. The level of Ca2+ concentration necessary to stimulate phospholipase activity in various assay systems is higher than the levels of cytosolic free Ca2+ concentration ([Ca2+]f)' achieved even in stimulated cells (1) (2) (3) . It is possible that the in vitro assay systems for enzymatic activity may result in incomplete expression ofphospholipase A2 activity because of the absence of important cofactors or the enhanced expression of endogenous inhibitor activity (3) . Alternatively, other modulatory processes that enhance Ca2+-dependent phospholipase A2 activity in the cell may be absent in phospholipase A2 assay systems involving cell-free extracts. We designed experiments to define the Ca2' dependence of phospholipase A2 activity under conditions devised to maintain the enzyme in its natural environment (i.e., the cell). This characterization then allowed us to evaluate the importance of changes in [Ca2+]f for phospholipase A2 activation and prostaglandin synthesis observed with hormonal stimulation.
Many agonists that increase prostaglandin synthesis in the mesangial cell also activate phospholipase C (4). This results in an increase in both inositol trisphosphate and diacylglycerol levels. The former releases Ca2+ from intracellular storage sites increasing [Ca2+]f (4, 5) and the latter stimulates protein kinase C. Since an increase in [Ca2+]f alone was not sufficient to explain prostaglandin production in our experiments, we examined whether protein kinase C played an important role in this process.
To understand the role of Ca2" and protein kinase C in the mediation of prostaglandin synthesis in the glomerular mesangial cell we asked the following questions: (a) Does PGE2 synthesis in the intact mesangial cell depend upon Ca2+ entry from the external milieu or release of Ca2+ from intracellular storage sites? (b) Is PGE2 production a direct function of changes in cytosolic free Ca2+ and does phospholipase A2 activity and PGE2 synthesis depend upon calmodulin? (c) Does protein kinase C modulate the Ca2+-dependent activation of phospholipase A2 and PGE2 production? Methods Cultured mesangial cells. Glomeruli were isolated from Sprague-Dawley rats using a graded-sieve technique and mesangial cells grown as previously described (5, 6) . Mesangial cells were carried in 100 mm plastic dishes (Falcon Labware, Oxnard, CA) in RPMI 1640 tissue culture medium (Gibco, Grand Island, NY) with 20% FCS without antibiotics. The medium was maintained at pH 7.2-7.4. Cells were used in passages 30-50. Cells were passaged using split ratios of 1:5 at Cytosolicfree calcium concentration. Cells were loaded with fura-2 using techniques previously described (5) . Cells were lifted off the plastic support by 5-7 min exposure to Ca2+, Mg2+-free HBSS containing 0.5 g trypsin (1:250) and 0.2 g EDTA/liter. Cells were resuspended in a modified Krebs-Henseleit bicarbonate buffer containing: NaCi, 120 mM; KCI, 2.7 mM; MgSO4, 1.4 mM; KH2 P04, 1.4 mM; NaHCO3, 25 mM (pH 7.4) containing 0.5 mM CaCl2, 10 mM glucose, 20 mM Hepes and 1.5% gelatin for 30 min. They were loaded with fura-2 by incubating in identical buffer with the acetylmethoxy ester of fura-2 (2.5 MM) for 20-60 min. At the end ofthe loading period > 99% ofcells excluded trypan blue. Prior to fluorescence measurement, cells were washed by centrifugation twice and resuspended at the concentration of 3-6 X 106 cells/ml in 2 ml of buffer containing: NaCl, 145 mM; KCl, 5 mM; MgSO4, 0.5 mM; Na2HPO4, 1 mM; glucose, 5 mM; Hepes, 20 mM; and CaCI2, 0.5 mM. Fluorescence was measured at 37°C using an Aminco-Bowman spectrofluorimeter with a temperature-controlled cuvette holder employing techniques previously described (5, 7). Calibration of the fluorescence signal was performed using the previously described methods (5 (9) . Calibration of the electrode was carried out by the method described by Bers (10) . Free [Ca2+] below IO5 M in the calibration solution was set by a Ca2+-EGTA buffer system. The apparent association constant of EGTA (Ka) for Ca2' and the total amount of EGTA were determined in the actual calibration solutions used. Ka was determined to be 4.2±0.5 X 106 M' and actual EGTA concentration in calibration solutions, 966±1i7MM (n = 8). Calibration solutions were at the same pH, temperature, and ionic strength as the cell incubation solutions.
Free arachidonic acid and diglyceride determinations. Mesangial cells were incubated with [3H]arachidonic acid (0.5 MCi in 10 ml of RPMI medium with 20% fetal calf serum) for 72 h before the experiment. Just prior to initiation ofthe experimental protocol the medium was removed and cells washed with buffer containing NaCl, 145 mM; KCl, 5 mM; MgSO4, 0.5 mM; Na2HPO4, 1 mM; CaCI2, 0.5 mM; glucose, 5 mM; fatty acid free bovine serum albumin, 200 mg/100 ml; buffered with 20 mM of Hepes to pH 7.4. Cells were then incubated in this buffer with 100 mg/100 ml albumin at 370C. Digitonin and/or agonist were then added. After 10 min the buffer was rapidly transferred and the cells quenched in 2 ml ofcold (40C) methanol. The cells were then scraped and transferred to the collection tube containing the cell supernatant and formic acid (final concentration 0.2%). Plates were again scraped and solution transferred to the collection tube. By combining the cell supernatant with lysed cell fraction the [3H]-arachidonate released into the media was combined with that present within the cells. 4 ml of chloroform/methanol (1: 1.2) was added to the collection tube followed by 2 ml of chloroform. After vortexing and centrifuging samples to separate the phases the organic phase was dried under N2. The dried samples were then dissolved in chloroform and spotted onto a heat-activated LK 
Results
Effect ofextracellular [Ca2+] on PGE2 synthesis. PGE2 production in response to vasopressin (100 nM) was examined in cells incubated with three different ranges of extracellular Ca2+ concentration in order to examine the effect of extracellular Ca2+ on this response. As indicated in Fig. 1 the increase in PGE2 observed with vasopressin was unaltered by reducing extracellular [Ca2+] from 1.5 mM to 1-10 uM or < 0.6 MM. These data indicate that vasopressin-induced PGE2 synthesis is independent of the Ca2+ gradient across the cell plasma membrane and suggests that, if Ca2+ is involved in the response, it is Ca2+ that is released from intracellular storage sites rather than Ca2 , which enters from the external milieu.
Effect of TMB-8 on vasopressin-stimulated increase in [Ca2+1f and PGE2 synthesis. To further examine whether release of Ca2+ from intracellular stores was responsible for PGE2 production, the effects of TMB-8 (30 ,M), a putative (Fig. 3) . The relative decrease in PGE2 production was equivalent at both extracellular Ca2+ concentrations tested. While the effect of TMB-8 to decrease PGE2 production may be related to its effect on the vasopressin-induced Ca2+ increase the data to this point do not establish causality between these two effects of TMB-8. To examine whether TMB-8 altered PGE2 production by mechanisms independent of its effect on [Ca2+Jf cells were permeabilized in the presence ofTMB-8 and PGE2 production measured with [Ca2+] fixed at two different levels ( PMA had no effect upon PGE2 production when Ca2' concentration was fixed at levels approximating basal levels of cytosolic free Ca2+ To provide further evidence that the Ca2' dependent acylhydrolase activity in permeabilized cells was due to activation ofphospholipase A2, the effects oftwo phospholipase A2 inhibitors on arachidonic acid release and diglyceride levels were determined. As demonstrated in Table III To validate that this apparent synergy of action between Ca2' and protein kinase C activation on phospholipase A2 activation also occurs in the nonpermeabilized cell we measured arachidonic acid release in response to A23187 (0.1 MM), PMA (300 nM), A23187 (0.1 ,M) together with PMA (300 nM) and vasopressin (100 nM) alone. As summarized in Fig.  7 , A23187 at this low dose resulted in a slight increase in arachidonic acid release as would be expected from an increase in [Ca2+]f due to the ionophore (A[Ca2+lf = 200-300 nM as determined with 4-Br A23187, a nonfluorescent analogue of A23187). PMA had no effect on arachidonic acid release, and 
Discussion
We have previously demonstrated that vasopressin increases [Ca2+]f in glomerular mesangial cells (5) . [Ca (2] f is increased primarily due to release from intracellular storage sites rather than entry of Ca2l from the extracellular environment. This is consistent with our present observations that PGE2 production was not dependent upon extracellular [Ca2+]. Our results are at variance with those of Scharschmidt and Dunn (14) who found that removal of extracellular Ca2+ completely inhibited AVP-induced PGE2 synthesis. The difference in results is likely explained by the fact that Scharschmidt and Dunn equilibrated the mesangial cells for 1 h in a "no-added Ca2+", solution before the addition of AVP, whereas we exposed cells to While several laboratories have found that phospholipase A2 activity in isolated cellular extracts is Ca2' dependent, the concentrations of Ca2+ used to stimulate enzymatic activity are well above those measured in intact cells (1, 2) . In sheep erythrocyte membranes no phospholipase A2 activity was observed when Ca2+ concentration was less than 10 ,uM and one-half maximal activity was found at Ca2' concentrations of 100-500 ,M (1). When cells are disrupted and membrane fractions or isolated enzymes are assayed phospholipase A2 activity may be altered for many reasons. Important cofactors or modulating factors may be lost or altered. Endogenous inhibitors may be activated (3) . By using a permeable cell less perturbation of the microenvironment of the phospholipase enzyme might occur. In addition, other cellular factors potentially critical to phospholipase A2 activity, such as calmodulin, would be present in the permeabilized cell. Our experiments demonstrate that arachidonic acid release and PGE2 synthesis are stimulated when [Ca2+] is increased over the range of (Ca (2] (24) who also find that diacylglycerol lipase plays a minimal role in arachidonic acid release in the mesangial cell. Ho and Klein (25) recently suggested that protein kinase C may play an important role in the Ca2+-induced stimulation of phospholipase A2 in the pineal gland.
One explanation for the potentiation of Ca2+-dependent phospholipase A2 activity by protein kinase C may be that protein kinase C phosphorylates phospholipase A2 itself or protein(s) with phospholipase A2 modulatory capability such as lipocortin (26) . It has been proposed that lipocortin loses phospholipase A2 inhibitory activity when phosphorylated, resulting in increased phospholipase A2 activity and enhanced PGE2 production (27) . In collaboration with Dr. B. Pepinsky we have documented the presence of two proteins that have been cloned, sequenced and named "lipocortin I" and "lipocortin II" by Pepinsky and colleagues (28) , as well as the respective mRNAs, in mesangial cells. However, there remains considerable controversy as to whether these proteins represent endogenous functionally regulated inhibitors of phospholipase A2 (29) . There is evidence for modulation of phospholipase A2 by phosphorylation in other systems. Moskowitz et al. (30) demonstrated enhanced phospholipase A2 activity by addition of Mg2+, ATP, and cAMP to brain synaptosomal vesicles. Wightman et al. (31) showed a similar activation by ATP in mouse peritoneal macrophage sonicates and further demonstrated that cAMP-dependent protein kinase augmented phospholipase A2 activation. Another possible explanation for the enhanced phospholipase A2 activity with both an increase in [Ca2+] and protein kinase C activity is that the subtype of protein kinase C stimulated by PMA and l-oleoyl 2-diacylglycerol, and hence the substrate specificity, may be altered by the simultaneous increase in cytosolic [Ca2"] (32) .
Alternatively, protein kinase C may phosphorylate a GTP binding protein which enhances acylhydrolase activity when the latter is stimulated by Ca2 . In FRTL5 rat thyroid cells, phospholipase A2 is modulated by a pertussis-toxin-sensitive G-protein, whereas phospholipase C is regulated by a different G-protein (33) . Light-stimulated phospholipase A2 activity in rod outer segments of bovine retina is modulated by a transducin-like G-protein (34) . Phospholipase A2 activity in RAW 264.7 macrophages is enhanced by both cholera toxin and pertussis toxin, suggesting Gs and Gi involvement in the process (35) . Finally, in the mesangial cell, Schlondorffet al. (36) and Pfeilschifler and Bauer (37) have found pertussis toxin modulation of agonist-induced PGE2 production. Our studies, which show no effect of GTP yS on acylhydrolase activity when [Ca2+]f is clamped < 100 nM, do not rule out a G-protein mediated potentiation of Ca2+ dependent phospholipase A2 activation which can be observed only at higher levels of [Ca2+] .
Protein kinase C activation could potentially activate a Na+/H+ exchange process (38) that we have identified in the mesangial cell (39) . This in turn may activate phospholipase A2 by a phospholipase C independent mechanism as has been reported in the platelet (40) . This could not, however, explain the PMA induced increase in PGE2 synthesis in permeabilized cells since pH as well as Ca2' is fixed under these conditions. In summary, our studies demonstrate the role played by Ca2' in prostaglandin synthesis in the mesangial cell. There are at least two interrelated mechanisms for activation of PGE2 production in response to hormonal agonists such as vasopressin. The elevation in cytosolic free [Ca2+] stimulates phospholipase A2 activity but is not sufficient to explain the mea-sured PGE2 production. The activation of protein kinase C, which occurs secondary to agonist-mediated phospholipase C activation and diacylglycerol production, further enhances the production of PGE2 by further increasing Ca2+-dependent phospholipase A2 activity. The mechanisms accounting for these synergistic interactions between Ca2' and protein kinase C activation are incompletely understood at present but may involve the phosphorylation of phospholipase A2 or endogenous phospholipase A2 modulatory proteins.
